We carried out a systematic study on the effect of nanocrystalline TiO 2 paste formulations and temperature treatment on the performance of dye solar cells (DSCs) over a large temperature range, to provide useful information for the fabrication of both plastic and metal flexible devices. We compared conventional screen-printable and binder-free TiO 2 pastes with a new formulation which includes hydroxylethyl cellulose (HEC), enabling the study of the effect of organic materials in the TiO 2 layer in the whole 25-600 • C temperature range. Differently from the binder-free formulations where the device efficiency rose monotonically with temperature, the use of cellulose binders led to remarkably different trends depending on their pyrolysis and decomposition thresholds and solubility, especially at those temperatures compatible with plastic foils. Above 325 • C, where metal foil can be used as substrates, the efficiencies become similar to those of the binder-free paste due to effective binder decomposition and inter-nanoparticle bonding. Finally, we demonstrated, for the first time, that the simultaneous application of both temperature (110-150 • C) and pressure (100 MPa) can lead to a large improvement (33%) compared to the same mechanical compression method carried out at room temperature only.
Introduction
Dye solar cells (DSCs) represent a very promising photovoltaic technology which utilizes low-cost materials, no high-vacuum equipment and is able to provide conversion efficiencies of over 12% [1, 2] . A feasible strategy to reduce manufacturing costs on high-volume production, consists of the development of continuous roll-to-roll printing processes using flexible conductive foils as substrate in substitution to rigid conductive glass (coated with fluorine doped tin oxide, FTO) which is also one of the most expensive components in a DSC module [3] .
However the replacement of glass sheet with polymer substrates (coated with indium tin oxide, ITO) clashes with the high temperature treatments conventionally utilized for the sintering process of the nanocrystalline TiO 2 layer in order to obtain an adequate mesoporous structure. Usually temperatures above 450 • C are required for two purposes: (i) to remove organic binders or polymers added to increase the viscosity of the nanoparticle TiO 2 colloidal pastes for printing purposes and to control the porosity on the nano-and meso-scale [4, 5] ; (ii) to create an effective electromechanical bonding between the nanoparticles in the TiO 2 layer for an efficient collection of the photogenerated electrons [4] . Since transparent plastic foils for flexible DSCs, such as heat stabilized polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) coated with ITO can be treated only up to ∼150 • C [6] , research has typically focused on the formulation of binder-free pastes and on alternative methods to provide sufficient bonding between the nanoparticles. Miyasaka et al developed a viscous binder-free nano-TiO 2 paste using a sol-gel interparticle connecting agent achieving a maximum power conversion efficiency of 6.4% after heating at 150 • C [7] . Several different chemical, electrochemical, mechanical, methods have been proposed to realize an effective interconnected mesoporous TiO 2 layer without high temperature treatments [7] [8] [9] [10] [11] [12] [13] [14] . In particular Yamaguchi et al reported the highest performance for plastic DSC, 8.1%, with a static mechanical compression of the TiO 2 film after deposition in a binder-free paste onto the substrate [11, 15] . The formulation of binder-free pastes is based on the assumption that the binders remaining in the TiO 2 film lead to a reduction in device efficiency [7, 16] . However, a comprehensive analysis on the influence of the binders on the electrical performance of the devices has not been reported yet.
Here we carried out a broad investigation on the influence of the thermal treatments and on the formulation of TiO 2 printable colloidal pastes in order to give useful information for the fabrication of flexible DSCs, in particular for plastic devices where T ( • C) is an important constraint [6] . Three different pastes were investigated: a binder-free paste; a screen-printable paste that uses α-terpineol and ethyl cellulose (EC) [17] ; and finally a paste containing a new type of binder, hydroxylethyl cellulose (HEC).
We observed that device efficiencies rise monotonically with annealing temperature when a binder-free paste is used, whereas the trends are remarkably different when celluloses are utilized, especially at lower temperatures, depending on their decomposition thresholds and solubility. Flexible DSCs, both on plastic and metal, were fabricated and compared to highlight the importance of electromechanical bonding between the TiO 2 nanoparticles to deliver efficient devices. Finally whereas Yamaguchi et al have only focused on either a thermal treatment or mechanical compression [11] , here we utilized for the first time both simultaneously, demonstrating a feasible strategy to further increase the performance of a mesoporous TiO 2 layer compatible with plastic substrates.
Experimental section
The substrates used in this study, Glass/FTO (TEC-8, supplied by Pilkington), PEN/ITO (15 / supplied by Kintec) and Titanium foil (Ti000380, supplied by Good Fellow) were cleaned by an ultrasonic bath in acetone for 10 min, (except PEN/ITO) and subsequently in ethanol for 10 min, and then dried in air. The 'binder-free' TiO 2 paste was based on 4 g of commercial P25 Degussa (21 nm average diameter) and Sigma Aldrich 634662 (100 nm average diameter) TiO 2 nanoparticles mixed in a ratio of 7:3 in water and ethanol solution (1:1.5) at a concentration of 20% wt. Acetyl acetone (Sigma Aldrich P7754) was added (0.2 ml) to prevent particle aggregation. 'HEC-25' paste was prepared with 4 g of commercial P25 Degussa TiO 2 nanoparticles, in a (1:1.5) solution of water and ethanol. Acetyl acetone was added (0.2 ml) to prevent particle aggregation. The organic binder used was hydroxyethyl cellulose (Tylose H300) dissolved in water (3% wt). The homogeneity of the paste was improved by ball milling for 2 days. The 'αT-EC-25' paste containing α-terpineol and ethyl cellulose follows the recipe of Vesce et al [18] , replacing the P90 Degussa with P25 Degussa TiO 2 nanoparticles. After deposition via blade coating (5 mm × 5 mm) on FTO-Glass, the TiO 2 layer was processed in a closed hotplate (Titan Typ PZ 28-3TD) at different temperatures (Room temperature to 600 • C) for 30 min. Platinum layers on FTO-Glass were obtained after treating at 420 • C screen printed Pt-1 Dyesol pastes. The values plotted in figure 1 were the average over three devices.
For flexible devices on PEN/ITO, the TiO 2 layers were deposited by blade coating and annealed at 110 • C for 30 min. For those on titanium foils, commercial 18NRT TiO 2 paste (Dyesol) was deposited and sintered at 525 • C.
Photoanodes were dipped in a 0.3 mM dye N719 ethanol solution for 16 h at room temperature.
Platinum layers on PEN/ITO counterelectrodes were obtained by casting 2 drops of Platisol solution (Solaronix), treated at 150 • C for 16 h. The electrodes were sealed together with a gasket of thermoplastic Meltonix 1162 (Solaronix) and finally a commercial electrolyte (EL-HSE Dyesol) was used to complete the devices. In the final experiment, binder-free TiO 2 layers were deposited on glass and pressed at 100 MPa for 30 min utilizing plates heated at three different temperatures: 25, 110 and 150 • C. Glass substrates were used to guarantee a more reproducible transfer of pressure from the large-area plates to the TiO 2 layer.
Devices were tested under a sun simulator (KHS SolarTest 1200) at AM 1.5 1000 W m −2 calibrated with a Skye SKS 1110 sensor. Impedance spectra were measured at V OC under illumination (1000 W m −2 ) for complete DSCs, with an Autolab PGSTAT302N potentiostat galvanostat with an AC amplitude of 10 mV in a range of frequencies between 300 kHz and 1 Hz.
The amount of dye adsorbed on TiO 2 surface was desorbed using a 0.5 M NaOH in H 2 O solution and measured by the UV-visible spectra (Shimadzu UV-vis 2550, with Integrating sphere, MPC220).
Morphology of TiO 2 layer was acquired field emission scanning electron microscopy (Zeiss Leo Supra 35). Brunauer-Emmett-Teller (BET) and porosity analysis were carried out using an ASAP 2010 physisorption analyzer (Micromeritics Instrument Corp). Before to the measurement the samples were pre-treated at 200 • C in vacuum.
The sample decomposition was studied by differential thermal-thermogravimetric analysis (DTA-TG) with NET-ZSCH 408 thermal analyser (sensitivity of 0.1 mg, using Al 2 O 3 crucible with lid in static air). Crucibles were filled with different amounts of powders depending on powder tap density and weighted with a precision balance (±0.1 mg). Samples were placed in a drier for one night at room temperature and then heated from 4 to 1100 • C with a heating rate of 10 • C min −1 . TG and differential scanning calorimetry baselines were acquired for each run repeating the same heating program and then by cooling down to room temperature.
Mid-FTIR spectra were acquired on a Thermo-Nicolet (mod. Nexus 670) instrument (Thermo Scientific Inc.), equipped with an attenuated total reflectance (ATR) ZnSe cell for measurement in the 4000-700 cm −1 region, at a resolution of 4 cm −1 . Spectra were collected by placing the powder scratched from the substrates directly on the ATR cell. A total of 64 scans were collected for each sample. In the case of the binder-free paste, η and J SC show similar trends in which we can identify three different behaviors. When temperatures are compatible with polymer films (T ≤ 150 • C), no significant variations in η (∼2%) and J SC (∼4 mA cm −2 ) are observed. From 200 to 325 • C, efficiency and short circuit current density rise monotonically reaching a second plateau from 325 to 600 • C where η is almost 5% and J SC 10-11 mA cm −2 . In this high temperature range only a small relative efficiency improvement (∼6%) can be noted. On the contrary, V OC is almost constant (3% decrease) throughout the whole RT to 600 • C range, whilst the FF values show a maximum relative variation of 8%.
Results and discussion

Electrical parameters of DSCs on glass/FTO substrates
Here the variations in η and J SC can be fully ascribed to the effect of the thermal treatment which improves the interconnection between the nanoparticles, without any contribution of different dye uptake on the semiconductor surface. In fact in figure 2(a), desorption measurements carried out on TiO 2 layers processed at three different temperatures (25; 200; 450 • C) and sensitized with dye N719, reveal a comparable dye loading amount (8.2 × 10 −8 mol cm −2 with a variation of ±4%) for the three samples. Thus, the low J SC values for devices treated at T ≤ 150 • C, (temperatures compatible with conducting plastic films) arise from ineffective charge collection in the TiO 2 films as will also be confirmed later by EIS measurements.
The use of organic additives in the TiO 2 formulations leads to a completely different behavior in η from the simple monotonic trend of the binder-free paste. For 'αT-EC-25' no working DSCs could be fabricated utilizing low temperature treatments (T ≤ 150 • C). In this range, TiO 2 films detached from the substrate disappearing after the immersion in the dye-ethanol based solution due to the solubility of ethyl cellulose in the alcoholic solvent. The first devices can be realized when the TiO 2 film was processed at 200 • C. However η is very small, less than 0.1%, due to a negligible dye loading amount (2.5 × 10 −9 mol cm −2 ) which depends on the permanence of organic materials in the mesoporous structure. Significant efficiencies can be obtained only after TiO 2 was treated at T ≥ 325 • C. High temperature treatments simultaneously induce the necking process between nanoparticles creating an effective TiO 2 mesoporous structure and the removal of organic binders, increasing the available TiO 2 surface area which can be sensitized [18] . In fact at 450 • C the dye uptake is 5.2 × 10 −8 mol cm −2 , more than one order of magnitude greater than the dye loading amount on TiO 2 layer processed at 200 • C. Interestingly, this value is 36% less than the dye uptake on the TiO 2 layer prepared with the binder-free formulation and that underwent the same thermal process at 450 • C, explaining the lower value of efficiency and J SC we can note in figure 1 .
When DSCs were prepared with TiO 2 pastes containing HEC, a remarkably different behavior can be observed. For T ≤ 150 • C, the efficiency values are between 2% and 3%, J SC over 4 mA cm −2 and V OC values are higher (770 mV at RT) than the binder-free ones (∼730 mV). A dramatic dip in the photovoltaic parameters occurs between 200 and 250 • C (the efficiency drops close to 0%) as a consequence of the lowest J SC (<1 mA cm −2 ) and V OC (∼500 mV). Above 250 • C, both efficiency and current density significantly increase up to 325 • C reaching respectively 5% and 10 mA cm −2 , and only a relative increment 10% can be observed when increasing T to 600 • C. V OC remains constant while FF shows a limited decrease in the high T range.
In contrast with ethyl cellulose (EC) which is soluble in ethanol, HEC is a gelling and thickening agent which is very soluble in water (typically used in the pharmaceutical field for water based preparations) [19] , but practically insoluble in the ethanol solution of the dye at RT. Thus, HEC is perfectly suited to study the influence of organic media on the DSCs performance especially at low T (≤150 • C).
DTA-TG analysis reported in figures 3(a) and (b) is carried out to characterize the thermal stability (transformations that occur in the sample) and thermal degradation behavior (mass loss) of the HEC-25 paste. After the first endothermic peak above 115 • C ( figure 3(a) ), which leads to a mass reduction of 6% ( figure 3(b) ) due to the loss of hydrated molecules, the DTA curve shows two exothermic peaks at 430 and 840 • C. The former can be ascribed to the pyrolysis of the organic binder leading to a weight reduction of 5% as shown in figure 3(b) . Interestingly, the first process exhibits an onset at 250 • C, occurring at that intermediate temperature range where we observed the drop in the efficiency (see figure 1) . From T ≥ 430 • C no variation in weight is discernible, indicating a complete decomposition of the organic binders (which is ∼11% of the solid content of the sample we analyzed) using 10 • C min −1 as ramp time. Differently, the peak at 840 • C (with an onset at 730 • C) corresponds to the transformation of anatase in rutile phase since TG measurement does not detect mass reduction.
The effect of HEC in the TiO 2 mesoporous layer is evaluated with ATR-FTIR measurements of three samples DTA is used to evaluate the thermal stability of the sample, whereas TG analysis highlights thermal degradation due to the mass reduction. • C (dashed red line) and 450
• C (dotted blue line).
processed at different temperatures, 25, 200 and 450 • C and the results are reported in figure 4 . When the TiO 2 layer was dried at RT, the typical HEC spectrum with the characteristic bands at 1060 cm −1 and 1118 cm −1 with a small shoulder at 1024 cm −1 (mainly due to CO and CC stretching, antisymmetric in-phase ring stretching, CCH and OCH deformation bending modes) can be observed [20] . Their intensity decreases when the layer was processed at 200 • C, and new peaks (in the range of 1500-1600 cm −1 ), which can be ascribed to the degradation products formed during the decomposition of cellulose at this temperature [21, 22] , appear in the spectra. The macroscopic effect of this process is also the visible browning of the film (figure 5, right). The three typical HEC peaks disappear when the film was processed at 450 • C. In this case the absence of other bands in the spectrum confirms that the high temperature treatment is effective to decompose and remove the organic media in the TiO 2 film. The consequence of the permanence of HEC on dye absorption on the TiO 2 film are reported in figure 2(b) . Desorption measurement on the dye sensitized photoelectrode sintered at 450 • C reveals a dye loading amount of 7.6 × 10 −8 mol cm −2 , very close to the value of the binder-free formulation. This result can easily explain the similar values of J SC observed in DSCs. When the layer was dried at RT, the presence of HEC decreases the dye loaded by 29% (from 7.6× 10 −8 mol cm −2 to 5.4×10 −8 mol cm −2 ) and consequently the number of photogenerated electrons. The reduction becomes much more significant when the layer was treated at 200 • C, with a decrease of 80% (1.5 × 10 −8 mol cm −2 ). At this temperature the incomplete pyrolysis of the organic media reduces the effective surface area of the TiO 2 as we can be noted by SEM images in figure 5 (on the left side), and confirmed by BET measurements. Surface area shows a reduction from 109 to 100 m 2 g −1 (relative decrement of ∼10%) compared to 450 • C while porosity decreases from 37% to 33.7%. Since the reduction in dye uptake is even greater, the degradation products forming as a result of incomplete pyrolysis of organic binders are likely to hamper dye sensitization.
Finally we investigated the effect of temperature treatment on the nano-TiO 2 layer via EIS analysis. The impedance signal plotted in Nyquist diagrams is generally composed of three components: (i) an impedance arc at high frequencies that describes the electron charge transfer at the counterelectrode platinum/electrolyte interface, (ii) a contribution at intermediate frequencies arising from the impedance of the photoelectrode due to both the electron recombination processes at the oxide/electrolyte interface and electron charge diffusion in the nanoparticle network and (iii) a contribution at low frequencies due to the Nernst diffusion of ionic species in the electrolyte [23] [24] [25] . In figure 6 we show only the first two, focusing on (ii) since it is directly connected to the TiO 2 photoelectrode. Diffusion and recombination phenomena are greatly influenced by the morphology of TiO 2 which is modified by different processing temperatures and paste compositions. Consequently, variations in impedance shapes can be noted in figure 6 . Whereas the diffusion and charge transfer resistance values at high T can be obtained modeling impedance spectra by an equivalent circuit, at low T, where charge densities are also very different, the diffusion component becomes predominant and the definition of the values by fitting procedure cannot be determined any longer [24, 25] . Nevertheless, we will present a comparative and qualitative evaluation of the impedance spectra (and its shape) since these still gives informative insights into device behavior.
In general recombination processes at TiO 2 /electrolyte interface give rise to an arc in the impedance plot to the right of the to the counterelectrode contribution, whereas • C and with a commercial TiO 2 paste deposited and sintered at 525
• C on titanium foil (red short dash line). On the right images of metal and plastic flexible DSCs are reported. Table 1 . Photovoltaic parameters of flexible DSCs fabricated with different photoanodes: TiO 2 layers were prepared by 'Binder-Free' and 'HEC-25' pastes both on ITO-PEN substrates and processed at 110
• C. The 'Titanium' sample refers to TiO 2 layers prepared with a commercial paste deposited and sintered at 525
• C on titanium foil. electron diffusion in the TiO 2 produces a linear trend [23] . At high T (≥325 • C), except for the αT-EC-25 paste, two semicircles are clearly distinguishable (figures 6(a)-(c)), the first related to the Pt/electrolyte interface, the second to dye/TiO 2 /Electrolyte interface. High temperatures induce effective interparticle necking and the removal of the organic materials, leading to electron diffusion inside the TiO 2 film which is so efficient which gives a negligible signal [24] . Interestingly, the fact that the semicircles are similar in magnitude shows that particle sintering is already satisfactory at 325 • C. In fact, as already shown in figure 1 , increasing temperatures from 325 to 600 • C induce only a small relative improvement of 6%, in device efficiency. For the 'αT-EC-25' TiO 2 layer, the thermal procedure at 325 • C is not able to completely remove the organic additives. As a consequence, electron percolation in the nanostructured layer is limited, leading to a visible linear diffusion contribution in the impedance spectra. At the lower temperatures compatible with plastic substrates, similar spectra containing a significant diffusion component can be discerned even for the other two pastes. At these temperatures poor particle necking depends essentially on insufficient thermal energy. In the case of the binder-free paste the lower J SC photogenerated is a consequence of an ineffective sintering process which reduces the electron charge collection since we have shown that dye loading is the same at all processing temperatures ( figure 2(a) ). For the HEC-25 TiO 2 paste, the visible diffusion behavior depends also on the presence of organic media which becomes a hindrance to the electron diffusion into the TiO 2 network. Figure 7 shows the IV curves of fully plastic flexible devices using both the binder-free and HEC-based TiO 2 colloidal pastes processed at low temperatures (T = 110 • C). We also compare the performance of these devices with those of a metal based DSC fabricated with a titanium foil photoelectrode (see table 1 ). The latter was chosen for its corrosion resistance to the electrolyte and for the high temperature treatments which permit to process the TiO 2 layers at 525 • C [26, 27] . The plastic based DSCs show efficiencies of 1.72% and 2.07% respectively, close to the performance obtained on glass substrate at the same temperatures. Using Ti foil the efficiency reaches the higher value of 4.55%, which are however lower than those achievable at the same temperature on glass. Since illumination occurs through the counterelectrode, the amount of photons reaching the dye sensitized TiO 2 film is lower due to the absorption of the electrolyte and the platinum layer [28, 29] .
IV curves for flexible devices
Pressure and temperature
As we analyzed in the previous paragraph, the application of temperatures below 150 • C, compatible with ITO-coated PET and PEN [6] , does not allow the formation of an efficient mesoporous structure to collect all the photogenerated electrons, limiting the efficiency of plastic DSCs. An alternative RT method involves the application of high static pressure (100 MPa) on unsintered TiO 2 layers [11] . Both pressure treatments and heat treatments (<150 • C) have been used but never simultaneously up to now. In order to improve DSCs performance we suggest here the introduction of a temperature process during the mechanical compression by utilizing heated plates. In figure 8 we show the normalized efficiency (η = 3% at 450 • C) for DSCs prepared with a binder-free TiO 2 layer with and without pressure and at different temperatures compatible with plastic films. It is clear that the introduction of a high pressure treatments improves the overall performance of the device at all temperatures investigated (RT, 110, 150 • C). Importantly, whereas it has been shown by Yamaguchi et al that a 150 • C treatment before or after compression does not alter device performance [11] , we here observe that the simultaneous application of temperature and pressure leads to a significant additional enhancement in device efficiency (a 33% rise compared to RT).
Conclusion
We analyzed the morphology and dye solar cell performance of nanocrystalline TiO 2 layers prepared from three different TiO 2 colloidal pastes on glass, metal and plastic substrates. Screen-printable pastes containing ethyl cellulose as binder, typically used in glass/metal devices were incompatible with low temperature treatments since the deposited layer dissolved in the dye solution. We have utilized a new binding water-soluble material for DSCs, HEC, which has enabled us to carry out investigation of pastes containing binders over the whole RT-600 • C range. Functioning devices were obtained for T compatible with plastic substrates (T < 150 • C), whereas when increasing the temperature to 200 • C device performance shows a dramatic drop due to the incomplete pyrolysis of the binders which induces considerably less dye loading. The efficiencies return similar to the binder-free paste only after T ≥ 325 • C, which seems to be a threshold for adequate sintering with a temperature only process. Finally we demonstrated for the first time a possible strategy to improve the efficiency for a DSC using a binder-free TiO 2 layer thanks to the introduction of thermal treatment during the pressure process. A 33% increase in device efficiency can be achieved by heating the plates at 110-150 • C whilst applying a pressure of 100 MPa compared to the same process at RT.
